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Edited by Takashi GojoboriAbstract There are two oligomeric types of glycyl-tRNA syn-
thetases (GlyRSs) in genome, the a2b2 tetramer and a2 dimer.
Here, we showed that the anticodon-binding domains (ABDs)
of dimeric and tetrameric GlyRSs are non-homologous, although
their catalytic central domains (CCDs) are homologous. The di-
meric GlyRS_ABD is fused to the C-terminal of CCD in a-sub-
unit, but the tetrameric GlyRS_ABD is to the C-terminal in
b-subunit during evolution. Generally, one species only contains
one oligomeric type of GlyRS, but the both oligomeric GlyRSs
with the multiple homologous domains can be observed in Mag-
netospirillum magnetotacticum genome, nevertheless, these
homologous domains are probably from diﬀerent genomes.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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with tRNAGly1. Introduction
Aminoacyl-tRNA synthetase (aaRS) is a key enzyme during
protein biosynthesis, which can activate and transfer the corre-
sponding amino acids to its cognate tRNA. Generally, each
aaRS contains a catalytic central domain (CCD) and an anti-
codon-binding domain (ABD). The CCD is responsible for
activating amino acid, and the ABD is necessary for binding
the anticodon in cognate tRNA. aaRSs are classiﬁed into class
I and II (aaRS-I and aaRS-II) based on the topologies of
CCDs. All CCDs of aaRS-I are similar in structure, and so
are the CCDs of aaRS-II [1,2]. However, the ABDs of aaRS
are diverse in structure, the ABD with a four-helix bundle is
observed in MetRS, IleRS, ValRS, LeuRS, CysRS and ArgRS
[3]; the ABD of GlnRS is composed of two b-barrel domains,
but the ABDs of GluRS and LysRS-I contain two all a-helix
domains [4]; the TyrRS_ABD comprises a + b structure; the
a-helix bundle ABD is observed at the C-terminal of TrpRS;
in ProRS, ThrRS, HisRS and glycyl-tRNA synthetase
(GlyRS), their ABDs with a/b fold structure are located atAbbreviations: aaRS(s), aminoacyl-tRNA synthetase(s); GlyRS(s),
glycyl-tRNA synthetase(s); ABD(s), anticodon-binding domain(s);
CCD(s), catalytic central domain(s); NTD, N-terminal domain;
ORF(s), open reading frame(s)
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doi:10.1016/j.febslet.2005.01.045the C-terminal; the ABDs of LysRS-II, AspRS and AsnRS
are at N-terminal and share a b-barrel (OB-fold) structure
[5]. The SerRS is an exceptional case, in which its N-terminal
coil domain interacts with the long variable arm of tRNASer,
but the both anticodon loop and acceptor arm can not be rec-
ognized by SerRS [6]. It is generally believed that the primitive
aaRS only contains a domain (CCD), and the ABD would be
added to the N- or C-terminal of CCD later; because of the
ABDs help, the enzymes obtained the capacity to discriminate
diverse tRNA speciﬁcities [7]. However, the GlyRS includes
two diﬀerent oligomeric types, the tetramer (a2b2) and the di-
mer (a2), and the tetrameric GlyRS has been suggested to dis-
tribute only in bacteria, but the dimeric enzymes can be mainly
observed in eukaryotes [8]. Both tetrameric and dimeric
GlyRSs share a similar structural CCD belonging to aaRS-
II, but the ABDs in tetrameric and in dimeric GlyRSs are very
diﬀerent in both sequence and structure. The ABD of tetra-
meric GlyRS is similar to that of ArgRS belonging to aaRS-
I in sequence [9], but the ABD structure of dimeric GlyRS is
similar to that of HisRS belonging to aaRS-II [10]. The previ-
ous studies have suggested that tetrameric and dimeric GlyRSs
have no a common origin, because the sequence identities in
CCDs or in ABDs are very low [11]. However, the structural
data show that the CCD in tetrameric GlyRS a-subunit is
homologous to that in dimeric GlyRS [10]. Nevertheless, the
ABD in tetrameric GlyRS remains uncertain. In this work,
we have shown that evolution of the both oligomeric GlyRSs,
and discussed the possible recognizing mechanisms of GlyRS
with tRNAGly in the two diﬀerent oligomeric types.2. Materials and methods
The structures of Saccharomyces cerevisiae ArgRS (PDB code: 1bs2)
and Thermus thermophilus GlyRS (PDB code: 1ati) are from protein
data bank (PDB) [12]. All sequences of aaRSs are from SWISS-PROT
[13], where the sequences are named by corresponding codes. The def-
initions of domains are from SCOP database [10]. The ABDs are
checked by PSI-BLAST [14] searching against the non-redundant
(NR) database at the National Center for Biotechnology Information
(NCBI, USA). The phylogenetic tree is constructed by PHYLIP pro-
gram [15], and the 1000 bootstrap test has been done. The sequences
are aligned by CLUSTALW program [16] and analyzed by AMAS
program [17]. The structural homologous modeling of the C-terminal
of GlyRS b-subunit in bacteria is performed by CPHmodels program
[18], and the ABD structures of GlyRS b-subunit and of ArgRS are
compared by SSAP [19]. The distributions of GlyRS_CCD and of
ABD in various genomes (see online supplementary materials) are
obtained by PSI-BLAST searching against NCBI microbial genomes
blast databases at NCBI. The E values 60.005 are used during the
databases searching.blished by Elsevier B.V. All rights reserved.
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The four diﬀerent types of quaternary structures are observed
in aaRSs, i.e., a, a2, a4 and a2b2. Most aaRSs are the oligomeric
proteins composed of the homo-subunits, but PheRS and most
bacterial GlyRSs comprise a2b2 subunits [20]. The analyses on
GlyRS distributions in various genomes show that the a- and
b-subunits in tetrameric GlyRS are generally encoded by two
open reading frames (ORFs), respectively, and the CCD is en-
coded in a-subunit, but the ABD is in b-subunit; generally, an
N-terminal domain (NTD) with the varied sequence length is
observed in b-subunit. The tetrameric GlyRSs distribute mainly
in proteobacteria and some eubacteria, and the both ORFs
encoding a- and b-subunits of tetrameric GlyRS are arranged
in the diﬀerent orders (Fig. 1, also see online supplementary
materials). The tetrameric GlyRSs are observed in 161 bacterial
genomes, in which the ORF encoding a-subunit is located be-
fore that encoding b-subunit (Figs. 1(a), (c), and (e)) in 85 bac-
terial genomes, however, in other 76 bacteria, the ORF
encoding a-subunit is after that encoding b-subunit (Figs.
1(b), (d), and (f)). In some bacteria, there are the links with sev-
eral nucleotides between the both ORFs (Figs. 1(a) and (b)), but
the interval is not observed in some species (Figs. 1(c) and (d)),
and as well as some ORFs are overlapped (Figs. 1(e) and (f)).
Although the arrangement orders of ORFs encoding a- and
b-subunits are diﬀerent in various genomes, the tetrameric
GlyRSs encoded by ORFs with diﬀerent orders hold same func-
tion and speciﬁcity, thus, the diﬀerent arrangements of both
ORFs in genomes cannot aﬀect the function and speciﬁcity of
tetrameric GlyRS. The dimeric GlyRSs are observed in 53 bac-
teria, 22 archaebacteria and 20 eukaryotes, but the a-subunit in
dimeric GlyRS is only encoded by a single ORF (Fig. 1(g)). The
both CCD and ABD of dimeric GlyRS are encoded in the a-
subunit, but the tetrameric GlyRS_ABD is in the b-subunit.
Although, the glyQS gene from a bacterium, Chlamydia trach-
ormatis, only contains a single ORF encoding tetrameric
GlyRS, the sequence encoded by glyQS is very similar to that
encoded by the combined a–b (glyQ and glyS) in E.coli [21].
Similarly, in Chlamydophila caviae and Tropheryma whipplei,
the glyQS encoding tetrameric GlyRS also just contains a single
ORF. Thus, it is possible that the single ORF in glyQS gene re-
sults from the fusion of two ORFs, one is from glyQ and an-
other is from glyS.Fig. 1. The arrangements of the GlyRS ORFs in various genomes. (a)–(f): a
overlap; a: a-subunit; b: b-subunit; NTD: the N-terminal domain in b-subuni
the N-terminal; C: the C-terminal; 5 0 and 3 0: 5 0- and 3 0-terminal of ORF inIn Pfam database [9], the C-terminal ABD of bacterial
GlyRS b-subunit and the ArgRS_ABD are deﬁned as the
DALR ABD family based on the sequence identities, and
the ABDs of ArgRS, MetRS, IleRS, ValRS, CysRS and
LeuRS have been deﬁned as the class I ABD family (ABD-I)
in SCOP database [10], because they share a similar core struc-
ture (Fig. 2(a)). The ABDs of GlyRS, HisRS, ThrRS and
ProRS containing the a/b fold structure (Fig. 2(b)) belong to
the class II aaRS ABD family (ABD-II) [10], and the GlyR-
S_ABD can be observed in eukaryotes, archaebacteria and
some bacteria, however, the GlyRS_ABDs in most bacteria
are not deﬁned yet. One bacterial GlyRS b-subunit (SYGB_
VIBCH: 580-669) has been as the seed to search the NR data-
base, and it can hit ArgRS belonging to the aaRS-I, their
sequence identities are 29%; when ArgRS_ABD (1bs2: 484-
607) is as the seed to search against the NR database, its
homologous sequences can be also observed in bacterial
GlyRS b-subunits. The GlyRS_ABD (1ati: 395–505) is as the
seed to search against the database, the sequence identities be-
tween this GlyRS_ABD and HisRS_ABD are 39%. Thus,
GlyRSs in diﬀerent species hold the homologous CCDs
belonging to the aaRS-II, but their ABDs are non-homologous
domains with diﬀerent structures, for example, the ABDs in
most bacteria are similar to those in ABD-I in structure, but
the ABD structures in eukaryotes and archaebacteria are sim-
ilar to those in ABD-II. The ABD-I and ABD-II are very dif-
ferent not only in structure, but also in recognizing tRNA. The
ABD-I approaches its cognate tRNA from the minor groove
in acceptor stem and requires a hairpin distortion at the 3-
end of tRNA; however, the ABD-II interacts with tRNA from
the variable loop and the major groove in acceptor stem, and
the distortion at the 3-end of tRNA is not needed [22]. There-
fore, the speciﬁc recognition between aaRS and tRNA depends
not only on the ABD structure, but also on the tRNA struc-
ture. In most bacteria and eukaryotes, the structures of
GlyRS_CCDs are similar, but GlyRS_ABDs are diﬀerent, nev-
ertheless, all GlyRSs can specially recognize the tRNAGly. The
U73 identity element of tRNAGly is found in all prokaryotic
GlyRS, and the A73 of tRNAGly is in eukaryotic and archae-
bacterial GlyRSs, but eukaryotic mitochondrial tRNAGly con-
tains either the A73 or the U73, so the structure of
GlyRS_ABD and its cognate tRNA may have experienced a
coadapted process [23]. The C-terminal of E. coli GlyRS2b2 GlyRS; (g): a2 GlyRS; (a),(b): interval; (c),(d): no interval; (e),(f):
t; ABD: anticodon-binding domain; CCD: catalytic central domain; N:
GlyRS gene.
Fig. 2. The two structural types of GlyRS_ABDs. (a): the structural
superposition of GlyRS (VIBCH) and ArgRS (1bs2) ABDs, in which
ArgRS ABD belong to the family of ABD-I. (b): the structure of
GlyRS (1ati), belonging to the family of ABD-II. The structure of
GlyRS_ABD (VIBCH) is obtained by homologous modeling, and 1bs2
is as the template during homologous modeling (the sequence identities
between the both ABDs are 25%, and the RMSD of both structures is
1.86 A˚).
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role in tRNA recognition [24], but the other parts of GlyRS b-
subunit except ABD, such as, the NTD, are related to theFig. 3. The sequence alignment of GlyRS_CCDs. The tetrameric GlyRS_CC
GPIC), GEOME (Geobacter metallireducens GS-15), BORPA (Bordetella pa
(Nitrosomonas europaea ATCC 19718), AZOVI (Azotobacter vinelandii), PSE
O157:H7), VIBCH (Vibrio cholerae O1 biovar eltor str. N16961), HAEIN
USDA 110), MAGMA-I (Magnetospirillum magnetotacticum MS-1), BRUM
TROWH (Tropheryma whipplei str. Twist); the dimeric GlyRS_CCDs:(Bacte
(Staphylococcus aureus subsp. aureus Mu50), THETH (Thermus thermophilus
(Methanocaldococcus jannaschii DSM 2661); (Eukaryotes) HUMAN (Homoadenylate synthesis activity [25]. Thus, the diﬀerent recognition
mechanisms in bacteria and eukaryotes are very probably, that
is, the ABDs-I of tetrameric GlyRS in most bacteria recognize
their cognate tRNA from the minor groove in acceptor stem;
however, the ABDs-II of dimeric GlyRS approaches their cog-
nate tRNA from the major groove in acceptor stem. Although
the recognition mechanism between dimeric GlyRS and
tRNAGly is diﬀerent from that between tetrameric GlyRS
and tRNAGly, the both diﬀerent oligomeric types of GlyRSs
can recognize one same tRNAGly.
All GlyRS_CCDs belong to the aaRS-II, but the tetrameric
GlyRS_ABD in b-subunit is obviously diﬀerent from that in
dimeric GlyRS a-subunit. The sequence alignment of
GlyRS_CCDs shows that the conserved amino acid residues
between the tetrameric and dimeric GlyRSs are signiﬁcantly
diﬀerent (Fig. 3), and the maximum sequence identities be-
tween CCDs in the two structural types of GlyRSs are just
14%, although they are similar in structure. The phylogenetic
analyses on GlyRS_CCDs show that the tetrameric and di-
meric GlyRS are located in the two branches, respectively
(see online supplementary materials). The diﬀerent arrange-
ments of tetrameric GlyRS a- and b-subunits encoded by
two ORFs in genomes suggest that the gene of tetramericDs: CHLMU (Chlamydia muridarum), CHLCA (Chlamydophila caviae
rapertussis 12822), RALME (Ralstonia metallidurans CH34), NITEU
AE (Pseudomonas aeruginosa UCBPP-PA14), ECOLI (Escherichia coli
(Haemophilus inﬂuenzae R2866), BRAJA (Bradyrhizobium japonicum
E (Brucella melitensis 16M), THEMA (Thermotoga maritima MSB8),
ria) MAGMA-II (Magnetospirillum magnetotacticum MS-1), STAAM
HB8); (Archaebacteria) PYRHO (Pyrococcus horikoshii OT3), METJA
sapiens), MOUSE (Mus musculus).
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units, and the genes of a- and b-subunits can be fused in dif-
ferent ways (Figs. 1(a)–(f)). Of course, the dimeric GlyRS also
possibly results from the gene fusion, although only one
fusion way can be observed, i.e., the ABD is added to the
C-terminal of a-subunit (Fig. 1(g)). Thus, there are two pos-
sible ways in evolution, one is the ABD-II being added to
the C-terminal of CCD in a-subunit and forming dimeric
GlyRSs in bacteria (Fig.1g), and ﬁnally the bacterial dimeric
GlyRS is evolved into the eukaryotic GlyRS; another is the
b-subunit containing an ABD-I being fused to the C- or N-
terminal of a-subunit, which can be observed in the bacterial
tetrameric GlyRS (Fig. 1(a)–(f)). Nevertheless, the two ABDs
in a- and in b-subunits are signiﬁcantly diﬀerent in structure
and in sequence, so the both GlyRS_ABDs should be unre-
lated in evolution. Thus, the dimeric and tetrameric GlyRSs
should the results of non-homologous ABDs being fused to
homologous CCDs, respectively. Generally, the homologous
proteins with same function hold often the similar structure
and catalytic mechanism, and the analogous proteins with
similar structures are usually diﬀerent in function and mecha-
nism [26]. All the CCDs in aaRS-I are homologous and struc-
tural similar, and so are the CCDs in aaRS-II, but the ABDs
in aaRSs are diverse in structure. The speciﬁcities of aaRSs
are signiﬁcantly diﬀerent, because each aaRS can catalyze
one amino acid attaching to its corresponding cognate tRNA.
However, the GlyRSs are very special and interesting, because
the ABD of them are non-homologous, and the tetrameric
GlyRS (a2b2) in bacteria and the dimeric GlyRS (a2) in
eukaryotes are from diﬀerent evolutionary ways, but the spec-
iﬁcities of the two kinds of GlyRS are same. So the same
function and speciﬁcity in tetrameric and in dimeric GlyRSs
seem to be the result of convergent evolution in function or
in speciﬁcity. In addition, the speciﬁcity of PheRS could also
result from the similar convergent evolution, because the
PheRS_ABD in bacteria cannot be observed in eukaryotes
[27]. The results suggest that the same function and speciﬁcity
in some proteins can be kept by changes in structure and rec-
ognition mechanism during evolution from bacteria to
eukaryotes, such as, the tetrameric and dimeric GlyRSs,
which also implies a special evolutionary way in recognition
mechanism between GlyRS and tRNAGly.
Generally, one species only contains one structural type of
GlyRSs, but the both structural types of GlyRSs can be ob-
served in Magnetospirillum magnetotacticum (Fig. 4, also see
supplementary material). There are six ORFs (ORF-I to
ORF-VI) encoding GlyRSs in Magnetospirillum magnetotacti-
cum genome, and each ORF encodes a single a- or b-subunitFig. 4. The arrangements of ORFs encoding the dimeric and tetrameric GlyR
encoding the NTD of tetrameric GlyRS; ORF-II: the second ORF encoding t
the CCD of tetrameric GlyRS; ORF-IV: the fourth ORF encoding the NTD
ABD of tetrameric GlyRS; ORF-VI: the sixth ORF encoding the CCD of
magnetotacticum genome. The domains encoded by ORF-I to ORF-VI are fo
The numbers under every domain are the start and end positions of these d(Fig. 4, also see supplementary material). The ORF-II encodes
the CCD and ABD in a-subunit of dimeric GlyRS; the both
ORF-III and ORF-VI encode CCDs in a-subunits of tetra-
meric GlyRS; the ORF-V encodes a complete b-subunit with
NTD(V) and ABD(V); but the other two ORFs, ORF-I and
ORF-IV encode two incomplete NTDs, NTD(I) and
NTD(IV), of tetrameric GlyRS, respectively. The sequence
identities between the NTD(I) and the former part of the
NTD(V) are 48%, and the sequence identities between the
NTD(IV) and the latter part of the NTD(V) are 61%. How-
ever, the sequence identities between the NTD(I) and the
GlyRS_NTD ofMesorhizobium loti MAFF303099 (ML_NTD)
are 66%, and the identities between the NTD(IV) and the
GlyRS_NTD of Bradyrhizobium japonicum USDA 110
(BJ_NTD) are 71%. Thus, the ORF-I and the ORF-IV, or
the NTD(I) and the NTD(IV), are not like the result of the
ORF-V gene split. The CCD(II), CCD(III) and CCD(VI) are
similar in structure, and they belong to one family, but the se-
quence identities between CCD(II) and CCD(III)/CCD(VI)
are only 12%/14%, respectively, and the identities between
CCD(III) and CCD(VI) are 59%. Therefore, in Magnetospiril-
lum magnetotacticum, the CCD(II) is not possible from the
CCD(III) or from the CCD(VI). The sequence identities be-
tween the CCD(III) and the GlyRS_CCD of Mesorhizobium
loti MAFF303099 (ML_CCD) are 90%, and the identities be-
tween the CCD(VI) and the GlyRS_CCD of Rhodospirillum
rubrum (RR_CCD) are 83%. Thus, these multiple homologous
domains in Magnetospirillum magnetotacticum, including the
three NTDs and two CCDs, seem to be the results of the genes
from other genomes being inserted or fused to this genome,
rather than are directly resulted from one older NTD or
CCD gene duplication in this genome. Similarly, the two struc-
tural LysRSs, LyRS-I and LysRS-II, have been also observed
in an achaebacteria, the LysRSs containing LysRS-I and II re-
late to the pyrrolysine synthesis [28]. In the process of the
tRNAPyl aminoacylation, the LysRS-I and LysRS-II form a
ternary complex with tRNAPyl, and this complex can result
in the eﬃcient aminoacylation of tRNAPyl [28]. Notably,
LysRS-I and LysRS-II are encoded by two diﬀerent ORFs,
respectively, and the both CCDs and ABDs in LysRS-I and
in LysRS-II are signiﬁcant non-homologous [10,28], but the
both CCDs in tetrameric and in dimeric GlyRSs are homolo-
gous. It is not reported about the functions and mechanisms
of these two types of GlyRSs in the same species yet, they
could be also similar to LysRS-I and LysRS-II in function
and play a role in some material synthesis, or possibly, one
type of GlyRS had lost its function, but it can be retained dur-
ing evolution.Ss inMagnetospirillum magnetotacticum genome. ORF-I: the ﬁrst ORF
he CCD and ABD of dimeric GlyRS; ORF-III: the third ORF encoding
of tetrameric GyRS; ORF-V: the ﬁfth ORF encoding the NTD and
tetrameric GlyRS; 5 0 and 3 0: 5 0- and 3 0-terminal of Magnetospirillum
llowed by corresponding Roman numbers in parentheses, respectively.
omains in genome sequence.
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